Introduction
============

The most established methods for nonviral targeted delivery of short-interfering RNA (siRNA) employ the use of nanoparticles,^[@bib1]^ with small molecule or macromolecular ligands tethered to the nanoparticle surface for targeting and internalization. Although nanoparticle-based delivery vehicles can carry large siRNA payloads, they suffer from several problems that limit their efficacy and that protein-based delivery can potentially solve. For example, nanoparticles are rapidly phagocytosed by the reticuloendothelial system and accumulate in the liver and spleen, leading to poor pharmacokinetics and biodistribution.^[@bib2]^ They also exhibit poor extravasation and penetration into solid tumors due to their large size.^[@bib3]^ On the other hand, protein-based systems can be engineered to fall within the window of 60 and 500 kDa, which would be large enough to avoid rapid renal clearance, yet small enough for efficient extravasation and avoidance of phagocytic clearance. Also, nanoparticle formulations can be difficult to prepare in a reproducible and monodisperse manner. In contrast, proteins are relatively straightforward to synthesize using recombinant DNA technology and can generally be purified in a straightforward, reproducible manner to monodispersity.

While limited in number, there do exist protein-based delivery vehicles for siRNA that combine a targeting agent, such as an antibody fragment, with an siRNA complexation agent, usually a short polycationic peptide.^[@bib4],[@bib5],[@bib6],[@bib7]^ However, these methods have limitations that have prevented them from reaching the potential of protein-based delivery methods. For example, in some cases, polycationic peptides can suffer from poor pharmacokinetics and biodistribution, due to high global organ uptake as a result of their high positive charge.^[@bib8],[@bib9]^ They also tend to be inefficient and require large amounts of siRNA for silencing.^[@bib4],[@bib6]^ These agents require complex preparation or purification schemes, such as protein refolding^[@bib7]^ or chemical conjugation.^[@bib4]^ Also, in our experience, these polycationic peptides are prone to aggregation and difficult to work with.

In this work, we present the use of a multiagent protein-based siRNA delivery system for targeted siRNA delivery (**[Figure 1](#fig1){ref-type="fig"}**). The first agent, termed E6N2, employs the double-stranded RNA-binding domain (dsRBD) of human protein kinase R^[@bib10]^ as an alternative siRNA carrier with low charge density and an engineered 10th type 3 fibronectin (Fn3) that binds epidermal growth factor receptor (EGFR) for targeting.^[@bib11]^ Although dsRBD has also been used previously for siRNA delivery, these prior works relied on polycationic cell penetrating peptides for cytoplasmic entry in an untargeted manner.^[@bib12],[@bib13],[@bib14]^

E6N2 is able to deliver siRNA to the endosomes of EGFR-expressing cells. In order to enhance the endosomal escape of siRNA, a second agent is used, consisting of an alternate EGFR-binding Fn3 clone fused to the cholesterol-dependent cytolysin, perfringolysin O^[@bib15]^ (PFO) (**[Figure 1](#fig1){ref-type="fig"}**). PFO is delivered in a targeted fashion and disrupts endosomal compartments to allow the escape of internalized siRNA to access the cytoplasm. Successful gene silencing is achieved with the two-agent approach, but the addition of a third agent that was developed by Spangler *et al.*^[@bib16]^ to induce EGFR clustering (**[Figure 1](#fig1){ref-type="fig"}**) can significantly widen the therapeutic window, through the simultaneous enhancement in gene-silencing potency and protection from cytotoxicity of EGFR-binding Fn3--PFO fusion proteins.

Results
=======

Preparation of E6N2
-------------------

E6N2 was expressed as a homodimeric protein containing three components: E6, an engineered Fn3 variant that binds EGFR^[@bib11]^ for EGFR-specific targeting and internalization; the mouse IgG2a Fc fragment; and the dsRBD of human protein kinase R for siRNA complexation.^[@bib13]^ E6N2 was expressed in transient transfections of HEK293F cells, with a single affinity chromatography purification step. Purification by Protein A or cobalt-based resins typically yielded 1--3 mg protein per liter of cell culture, and the resulting protein was monomeric as assessed by sodium dodecyl sulfate--polyacrylamide gel electrophoresis and size exclusion chromatography analysis. Compared with the refolding or chemical conjugation steps of polycationic peptide fusion constructs,^[@bib4],[@bib7]^ dsRBD fusions were relatively straightforward to purify. The EGFR-binding Fn3 moiety also retained high affinity binding to EGFR in the E6N2 construct, with apparent dissociation constant, *K*~D,app~ \~ 2.1 nmol/l (**Supplementary Table S1; Supplementary Materials and Methods**).

Analysis of siRNA/dsRBD interactions
------------------------------------

In order to visualize the complexation between E6N2 and siRNA, an agarose gel shift assay was performed. A shift in the siRNA band was visible in the presence of E6N2, with partial complexation at a dsRBD:siRNA ratio of 1, based on the partial disappearance of the free siRNA band (**[Figure 2a](#fig2){ref-type="fig"}**). Complete complexation was observed at dsRBD:siRNA ratios of 2 and above, indicating potent complexation between the siRNA and dsRBD.

For a more quantitative measurement of the dsRBD/siRNA-binding affinity, titrations of fluorescently labeled siRNA were performed on Protein A magnetic beads preloaded with E6N2. The titrations were performed in media containing 10% serum at 37 °C to simulate physiological conditions. Previous reports described a weak siRNA-binding affinity of dsRBD, with *K*~D~ \~ 200 nmol/l.^[@bib10]^ In E6N2, bivalent dsRBD significantly enhanced the avidity of siRNA binding over monovalent dsRBD, with a *K*~D,app~ of siRNA binding of 3.5 ± 0.2 nmol/l (**[Figure 2b](#fig2){ref-type="fig"}**).

In order to address the possibility that large molecular weight aggregates or multimers could form during complexation of E6N2 and siRNA, dynamic light scattering analysis was performed. E6N2 alone or complexed with siRNA showed monomodal distributions with a radius of 6.0 or 5.9 nm, respectively (**Supplementary Figure S1**). The lack of increase in molecular radius when complexed with siRNA is consistent with the extended and flexible structure of the unbound state of dsRBD, compared with the bound state, which wraps around and makes contacts on opposite sides of the double helix of double-stranded RNA.^[@bib17],[@bib18]^ The lack of a high molecular weight peak in the dynamic light scattering analysis indicates that multimeric aggregates did not form when E6N2 was complexed with siRNA.

pH sensitivity of binding of siRNA and dsRBD
--------------------------------------------

In order for the siRNA cargo to be loaded into the RNA-induced silencing complex/Ago2 complex in the cytoplasm for gene silencing, it must be able to dissociate from dsRBD. Therefore, the *K*~D,app~s of binding were measured at pH 7.4, 6.5, and 5.5 to determine if siRNA could dissociate at endosomal or lysosomal pH once it is internalized. The *K*~D,app~ of siRNA/E6N2 binding was pH dependent, with a difference of over two orders of magnitude between pH 7.4 and 5.5 (**[Figure 2b](#fig2){ref-type="fig"}**). This indicated that siRNA would be able to dissociate from dsRBD within the acidic conditions of the endosome or lysosome. Secondary staining using (Fab′)~2~ fragments against mouse Fc confirmed that equivalent amounts of E6N2 remained bound to Protein A beads after exposure to each pH condition tested (**Supplementary Figure S2**).

siRNA uptake by E6N2
--------------------

The amount of fluorescently labeled siRNA taken up by E6N2/siRNA complexes was measured in A431 cells using flow cytometry. In order to differentiate between surface and internalized fluorescence signal, the cells were trypsinized to degrade surface-bound E6N2 and eliminate surface fluorescence. Using a calibration of fluorescence signal to number of siRNA molecules, it was determined that \~10^6^ molecules of siRNA was internalized into A431 cells after 6 hours of treatment with E6N2/siRNA complexes (**[Figure 2c](#fig2){ref-type="fig"}**). There was negligible internalization of siRNA by fluid-phase pinocytosis in the absence of E6N2 (**[Figure 2c](#fig2){ref-type="fig"}**) or by Fc-dsRBD fusions targeted to irrelevant antigens, CD25, or carcinoembryonic antigen (**Supplementary Figure S3a**). Additionally, there is negligible internalization of siRNA by E6N2 in the EGFR-negative cell line CTLL-2 (**Supplementary Figure S3b**). Altogether, this indicates that siRNA uptake is mediated by E6N2 and is specific to EGFR.

When Amaxa electroporation was used as a positive control for delivery directly to the cytoplasm, fewer than 10^4^ molecules of siRNA were required for observable knockdown of green fluorescent protein (GFP) protein expression in A431 cells stably transfected with d2EGFP, a destabilized form of GFP with a 2-hour half-life (**Supplementary Figure S4**). However, no GFP knockdown was observed in these cells with over 10^6^ molecules of *gfp* siRNA delivered by E6N2 (**[Figure 2d](#fig2){ref-type="fig"}**). Fluorescence microscopy revealed that almost all of the detectable internalized siRNAs were trapped within endosomal and lysosomal compartments (**[Figure 2e](#fig2){ref-type="fig"}**). This implied that endosomal escape was the critical barrier for effective RNAi by siRNA delivered by dsRBD fusion proteins.

PFO fusion proteins for endosomal escape
----------------------------------------

Previously, Pirie *et al.*^[@bib19]^ showed the enhancement of endosomal escape of immunotoxins using targeted fusion proteins with two cholesterol-dependent cytolysins, listeriolysin O and PFO. In the current work, we investigated the applicability of this approach to enhance the endosomal escape of endocytosed siRNA delivered by E6N2. PFO was chosen for this work based on its improved stability at neutral pH over listeriolysin O.^[@bib20]^ Fusion proteins were constructed containing PFO and various EGFR-binding Fn3 clones.^[@bib16]^ In total, four PFO fusion constructs with unique EGFR-binding Fn3 clones were evaluated. For knockdown assays, we used the A431 cell line stably transfected with d2EGFP under the cytomegalovirus promoter, A431-d2EGFP. When added to A431-d2EGFP cells along with 100 nmol/l E6N2/siRNA complexes, all EGFR-binding Fn3--PFO fusion proteins mediated GFP knockdown in a dose-dependent manner, most likely due to enhancement of endosomal escape of endocytosed siRNA (**[Figure 3a](#fig3){ref-type="fig"}** and **Supplementary Figure S5**). Of these, the fusion with clone "D,"^[@bib16]^ D-PFO, was found to be most effective and was used for further characterization.

D-PFO exhibited high EGFR-binding affinity, with *K*~D~ \~ 6.6 nmol/l (**Supplementary Table S1**), and PFO lytic activity, as shown in hemolysis assays (**[Figure 3b](#fig3){ref-type="fig"}**). Reductions in GFP expression were not due to a global downregulation of all cell proteins, or an artifact of PFO cytotoxicity, because GFP expression was unchanged when negative control siRNA was delivered (**[Figure 3a](#fig3){ref-type="fig"}**). GFP knockdown was also dependent on delivery by E6N2, as free *gfp* siRNA could not induce GFP knockdown in the presence of D-PFO (**Supplementary Figure S6**). The PFO fusion protein with C7, an Fn3 that binds an irrelevant antigen, carcinoembryonic antigen,^[@bib21]^ was not capable of mediating GFP knockdown (**Supplementary Figure S5**). Altogether, these data revealed that gene silencing was dependent on both the delivery of siRNA by E6N2 and EGFR-binding of Fn3--PFO fusion proteins and was not the result of an alternate mechanism of cytoplasmic delivery, such as siRNA diffusion through pores in the cell membrane formed by PFO or nonspecific uptake of PFO fusion proteins into endosomes.

Enhancement of siRNA uptake by multispecific constructs
-------------------------------------------------------

Successful gene silencing was achieved through EGFR-specific siRNA internalization mediated by E6N2 and endosomal escape mediated by D-PFO. However, the therapeutic window of this method was relatively narrow. In order to expand this therapeutic window, a third agent that induces EGFR clustering was used. Previously, Spangler *et al.*^[@bib16]^ showed that antibody--Fn3 fusion proteins that bind to multiple distinct epitopes of EGFR can induce EGFR clustering and downregulation without activating EGFR signaling pathways. An increased internalization rate due to the simultaneous internalization of clustered EGFR was observed,^[@bib16]^ and thus, it was hypothesized that the use of these constructs could enhance gene-silencing potency due to a concentrating effect of EGFR molecules per endosome. Out of three candidate multispecific constructs, HNB-LCD was the most effective in enhancing E6N2-mediated siRNA uptake, with greater than twofold enhancement of siRNA uptake (**[Figures 1](#fig1){ref-type="fig"}** and **[4a](#fig4){ref-type="fig"}** and **Supplementary Figure S7**).

Enhancement of GFP knockdown by multispecific constructs
--------------------------------------------------------

Next, HNB-LCD was tested to see if the enhancement in siRNA uptake could result in enhanced knockdown of GFP expression. The enhancement of GFP knockdown depended on the Fn3 clone used, with D-PFO showing the greatest amount of enhancement, approximately fourfold (**[Figure 4b](#fig4){ref-type="fig"}** and **Supplementary Figure S5**). GFP expression was not altered when delivering control siRNA by E6N2 in the presence of HNB-LCD (**Supplementary Figure S8**). In the presence of 7.5 nmol/l HNB-LCD and 100 nmol/l E6N2/siGFP complexes, D-PFO had a half maximal effective concentration of less than 15 pmol/l for GFP knockdown and could mediate 90% knockdown with less than 20% loss in cell viability (**[Figure 4b](#fig4){ref-type="fig"}**).

Cytotoxicity profiles of Fn3--PFO in the presence of HNB-LCD
------------------------------------------------------------

It was originally hypothesized that the addition of a multiepitopic EGFR binder would only enhance GFP knockdown through clustering, without any effect on PFO-related cytotoxicity. However, when the cytotoxicity profiles were measured for the various Fn3--PFO fusion proteins, it was found that the presence of HNB-LCD had a protective effect on A431 cells. This effect was consistent across all EGFR-binding Fn3--PFO constructs and provided an effective three- to fourfold reduction in Fn3--PFO cytotoxicity (**[Figure 4b](#fig4){ref-type="fig"}**). When the cytotoxicity of carcinoembryonic antigen--binding C7-PFO was measured in A431 cells, there was no difference in the presence or absence of HNB-LCD. This indicated that the reduction in Fn3--PFO cytotoxicity by HNB-LCD required EGFR binding by the Fn3--PFO construct.

Potency of E6N2 for gene silencing
----------------------------------

With 100 pmol/l D-PFO, a subcytotoxic concentration, and 7.5 nmol/l HNB-LCD, the potency of E6N2-mediated gene silencing was measured at a constant 1:1 molar ratio of E6N2/siGFP. GFP knockdown was observed at all concentrations of E6N2 greater than the measured *K*~d,app~ of E6N2 binding to EGFR. Greater than 50% GFP knockdown was observed at E6N2 concentrations of 16 nmol/l and greater (**[Figure 4c](#fig4){ref-type="fig"}**).

Discussion
==========

The dsRBD fusion protein was expressed and purified in a straightforward manner, without any chemical conjugation or refolding required. In our experience, it was not prone to aggregation even when complexed with siRNA, presumably due to its relative low charge density, unlike the highly charged polycationic peptides used previously for siRNA complexation.^[@bib4],[@bib5],[@bib6],[@bib7]^ The dsRBD moiety was reported to bind specifically to double-stranded RNA and provide protection against siRNA degradation by RNases.^[@bib13]^ The dsRBD moiety interacts with the RNA backbone in a double-stranded RNA-dependent and sequence-independent manner, thus allowing siRNA directed against any target to be loaded.^[@bib10]^ In combination with PFO fusions, dsRBD fusion proteins delivered enough siRNA to the cytoplasm for potent gene silencing. As low as 16 nmol/l siRNA could induce \>50% gene silencing, whereas typically, 1 µmol/l or more is used with polyarginine as an siRNA carrier^[@bib4]^ and 100 nmol/l--5 µmol/l is used with protamine as an siRNA carrier.^[@bib5],[@bib6],[@bib7]^ These properties make dsRBD fusion proteins an attractive option to other peptide-based methods for complexing and delivering siRNA.

Endosomal escape has long been recognized as a barrier to effective delivery of nucleic acids.^[@bib22],[@bib23]^ Protein-based strategies to overcome this barrier have been limited to the use of cell penetrating peptides or fusogenic peptides,^[@bib23]^ which are generally polycationic and suffer from similar disadvantages of polycationic peptide siRNA carriers described previously. In this work, we report the application of targeted PFO fusion proteins for the endosomal escape of siRNA delivered by dsRBD fusions in an EGFR-targeted manner. Their potencies were remarkable, considering that GFP knockdown was achieved at Fn3--PFO concentrations less than the *K*~D~ of EGFR binding, even though Fn3--PFO binding to EGFR was required. On the other hand, despite its potency, E6N2 was required at concentrations greater than the *K*~D,app~ of EGFR binding for effective siRNA delivery. Therefore, although there is added complexity arising from the use of two agents, optimal concentrations of each component can be used relative to the effective concentrations of E6N2 and Fn3--PFO and the cytotoxic limits of Fn3--PFO. This would not be possible with single agent containing both functions in the form of a fusion protein.

The use of E6N2 for targeted delivery of siRNA to endosomes and Fn3--PFO for enhancing endosomal escape of siRNA was sufficient for gene silencing. However, when comparing the efficacy of GFP knockdown to the cytotoxicity of PFO fusion proteins, a relatively narrow therapeutic window was revealed for all EGFR-binding Fn3 clones tested. In order for this method to be useful in a therapeutic setting, it will be important to expand this therapeutic window.

The use of multispecific antibody--Fn3 fusion constructs was originally motivated by the prospect of enhancing gene-silencing potency by inducing EGFR clustering and increasing the number of EGFR and E6N2/siRNA complexes internalized per endosome. Indeed, HNB-LCD was capable of enhancing siRNA uptake and gene silencing though the degree of enhancement is sensitive to the particular clone used in the Fn3--PFO fusion construct. The use of multispecific constructs was not initially expected to have any effect on PFO-mediated cytotoxicity. The observation that HNB-LCD could reduce the cytotoxicity of EGFR-binding Fn3--PFO constructs was indeed surprising, especially since EGFR downregulation induced by clustering has been shown to reduce viability.^[@bib16]^ Initially, the mechanism for this protective effect was hypothesized to be a decreased exposure to EGF from fetal bovine serum (FBS) in the media, caused by EGFR downregulation by HNB-LCD. EGF exposure has been shown to inhibit growth in A431 cells,^[@bib24]^ but this explanation is inconsistent with the requirement on EGFR binding of the Fn3--PFO construct for the protective effect of HNB-LCD binding. Instead, the current hypothesized mechanism involves the depletion of extracellular Fn3--PFO by EGFR clustering and internalization. It is believed that the cytotoxicity of Fn3--PFO arises from cell membrane disruption, as opposed to endosomal disruption. This is based on the quantitative similarity in A431 cytotoxicities of all Fn3--PFO constructs, regardless of Fn3 specificity, as well as hemolysis of EGFR-negative red blood cells. It is likely that EGFR clustering and downregulation with HNB-LCD causes cointernalization of EGFR-bound Fn3--PFO. Since the number of EGFR molecules is the same order of magnitude as the number of Fn3--PFO molecules at the concentrations used, extracellular Fn3--PFO available for plasma membrane disruption is likely depleted, resulting in decreased cytotoxicity. Further elucidation of this mechanism of action will be required to better understand the therapeutic applications for this delivery method.

The general strategy of using EGFR-targeted Fn3--PFO to facilitate endosomal escape of separately delivered macromolecules has been successfully shown across other cell lines with different levels of EGFR expression.^[@bib19]^ Here, we have expanded the application of Fn3--PFO to enhance cytoplasmic siRNA delivery on the A431 cell line, a model system that has been used extensively to study EGFR biology and EGFR-based therapeutics.^[@bib25],[@bib26],[@bib27]^ Based on the specificity of delivery to EGFR, we anticipate that siRNA uptake and potentially knockdown in other cell lines would correlate with the level of EGFR expression, and this is a topic worth exploring in future work.

In summary, we have shown that dsRBD can be used as a nonpolycationic siRNA carrier for targeted siRNA delivery to endosomes. Targeted delivery of PFO enhanced endosomal escape of siRNA, allowing knockdown in the A431 cell line. The addition of a third agent that clusters EGFR significantly expanded the therapeutic window, with approximately two orders of magnitude difference in the half-maximal lethal dose and the half-maximal effective dose of D-PFO for GFP knockdown. This arose from both the enhancement of GFP knockdown and the decrease in D-PFO toxicity. The feasibility of a two-agent method using targeted PFO to enhance the endosomal escape of macromolecular payloads has been established previously *in vivo* in a tumor xenograft context.^[@bib19]^ As a therapeutic modality for siRNA delivery, a third agent would significantly increase the complexity of this approach, and therefore, follow-up work includes efforts to combine EGFR clustering functionality with one or both of the siRNA delivery agent and endosomal disruption agent. Immunogenicity is another potential concern, especially for the bacteria-derived PFO, but this may be addressed with the use of perforin, a human protein with structural and functional similarities to the cholesterol-dependent cytolysin pore forming proteins.^[@bib28]^ The stability of the E6N2/siRNA interaction will also be important for effective delivery *in vivo*. Although the apparent binding affinity of E6N2 and siRNA is relatively high in the presence of serum at 37 °C (*K*~D,app~ = 3.5 nmol/l), affinity maturation of this interaction may be required if it is found to be insufficient *in vivo*. As for the expected pharmacokinetics, the lack of observed aggregation in E6N2/siRNA complexes will hopefully allow the constructs avoid reticuloendothelial clearance and exhibit favorable biodistribution properties. The Fc domain will also allow for extended serum half-life due to recycling via the neonatal Fc receptor. As this system is further optimized and characterized *in vivo*, it will be interesting to see how the pharmacokinetic, biodistribution, and tumor penetration properties compare with those of nanoparticle and polycationic peptide based delivery systems.

Materials and methods
=====================

*Protein expression and purification.* The gene containing the dsRBD moiety from human protein kinase R was a kind gift from Dr. James Cole (University of Connecticut). Genetic fusions containing E6-mouse IgG2a Fc-dsRBD with an N-terminal His tag were constructed and inserted into the gWiz vector (Genlantis, San Diego, CA) using the method described by Geiser *et al.*^[@bib29]^ The C121V and C135V mutations, which were shown not to be important for RNA binding,^[@bib30]^ were incorporated into dsRBD using the Quikchange mutagenesis kit according to the manufacturer\'s instructions (Agilent, Santa Clara, CA). E6N2 was expressed in transiently transfected HEK293F cells (Invitrogen, Carlsbad, CA) for 8 days. E6N2 was purified from the supernatant using a Talon column according to the manufacturer\'s instructions (Clontech, Mountain View, CA).

Fn3--PFO genetic fusions with a C-terminal His tag and a C215A mutation were constructed using a modified Quikchange reaction as described by Geiser *et al.*^[@bib29]^ and inserted into the pmal-c2x vector with a TEV cleavage site immediately downstream of the Factor Xa site. In total, four fusions with EGFR-binding Fn3s (E6-PFO, C-PFO, D-PFO, and E-PFO) and one fusion with a carcinoembryonic antigen--binding Fn3 (C7-PFO) were constructed.^[@bib11],[@bib21]^ Fn3--PFO fusion proteins were transformed into Rosetta 2 (DE3) *Escherichia coli* (Novagen, San Diego, CA). Cells were grown to an optical density at 600 nm of 0.5 -1.0 and induced with 0.5 mmol/l IPTG for 6 hours at 30 °C. Resuspended cell pellets were sonicated and the lysates were subjected to purification on an amylose column according to the manufacturer\'s instructions (New England Biolabs, Ipswich, MA). After overnight digestion with TEV protease, Fn3--PFO proteins were purified by ion exchange chromatography.

The multispecific construct HNB-LCD was prepared as described previously.^[@bib16]^

*Tissue culture.* The human epidermoid carcinoma cell line, A431, was cultured in a humidified atmosphere in 5% CO~2~ in Dulbecco\'s modified Eagle\'s medium supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin. A431 cells stably expressing d2EGFP under the cytomegalovirus promoter were generated by transfection of pd2EGFP-N1 (Clontech) using the Amaxa Nucleofector 2b (Lonza, Basel, Switzerland) according to the manufacturer\'s instructions. Forty-eight hours after transfection, 0.75 mg/ml G418 (Invitrogen) was added to the culture medium. G418-resistant cells were propagated and the GFP-expressing fraction was sorted twice by fluorescence-activated cell sorting using a Mo-Flo sorter (Cytomation, Carpinteria, CA). The resulting cells, termed A431-d2EGFP, were \>99% GFP positive and were cultured using a maintenance G418 concentration of 0.1 mg/ml.

*Agarose gel shift assay.* siRNA (50 pmol) was mixed with varying amounts of E6N2 for 30 minutes at room temperature. The resulting complexes were run on a 2% agarose gel and visualized using SYBR-Gold (Invitrogen).

*Measurement of dsRBD and siRNA-binding affinity.* In order to quantify the siRNA-binding affinity of the dsRBD portion of E6N2, E6N2 was loaded onto Protein A Dynal Beads (Invitrogen). The Protein A beads were washed in phosphate-buffered saline (PBS) + 0.1% bovine serum albumin (PBSA) and resuspended in Dulbecco\'s modified Eagle\'s medium + 10% FBS adjusted to the specified pH with Alexa 488 labeled AllStars Negative Control siRNA (Qiagen, Valencia, CA) at the specified concentration at 37 °C for 1 hour. The beads were washed twice in ice-cold PBSA and analyzed by flow cytometry on an Accuri C6 flow cytometer (Accuri, Ann Arbor, MI). The *K*~D,app~ of binding was numerically calculated from the data as described previously.^[@bib31]^

*siRNA cell uptake assay.* A431 cells were plated in 96-well flat-bottom plates at 5 × 10^4^ cells per well and serum starved overnight. Alexa 488 labeled Negative AllStars siRNA was complexed with E6N2 at a 1:1 ratio for 30 minutes at room temperature. Complexes or free siRNA in the absence of E6N2 were added to the cells at a 100 nmol/l final concentration, in complete media (10% FBS), in the presence or absence of varying amounts of HNB-LCD. At each time point, the cells were washed twice with PBS and trypsinized for 20 minutes. Cells were washed twice with complete media and resuspended in PBS + 2% FBS for analysis by flow cytometry.

In order to correlate the fluorescence signal with the number of siRNA molecules, a calibration curve was determined using the Quantum Simply Cellular anti-Mouse beads according to the manufacturer\'s instructions (Bangs Laboratories, Fishers, IN), using E6N2 labeled with Alexa 488 at a 6 dye:1 protein ratio.

*Fluorescence microscopy.* Cells were plated on MatTek chambers with a 0.13-mm glass coverslip bottom (MatTek, Ashland, MA) and serum starved overnight. Alexa 488 labeled siRNA was complexed with E6N2 at a 1:1 molar ratio for 30 minutes at room temperature and added to the cells at a 100 nmol/l final concentration in complete media. After 6 hours, the cells were washed with complete media and then stained with LysoTracker Red (Invitrogen) and 4′,6-diamidino-2-phenylindole (Roche Applied Science, Indianapolis, IN). Cells were imaged using a Delta Vision fluorescence microscope (Applied Precision, Issaquah, WA).

*GFP knockdown assay.* A431-d2EGFP cells were plated in 96-well flat-bottom plates and serum starved overnight. E6N2 was mixed with either Negative Control AllStars siRNA or GFP Duplex I siRNA (Thermo Scientific, Lafayette, CO) at a 1:1 molar ratio for 30 minutes at room temperature. Complexes or free siRNA in the absence of E6N2 were added to the cells in complete media with varying amounts of Fn3--PFO, in the presence or absence of 7.5 nmol/l HNB-LCD. After 6 hours, cells were washed and incubated for 24 hours in complete media. The cells were trypsinized, washed twice with PBS + 2% FBS, and analyzed by flow cytometry.

*Cytotoxicity of PFO fusion proteins.* Cell viability measurements were performed using the Wst-1 reagent with a 1-hour incubation according to the manufacturer\'s instructions (Roche Applied Science). They were performed either prior to trypsinization for flow cytometry analysis of GFP expression in GFP knockdown assays or in separate cytotoxicity assays. In all cases, cytotoxicity measurements were performed on cells exposed to E6N2, siRNA, and HNB-LCD where stated. When performed prior to GFP analysis, the cells were washed twice with PBS after Wst-1 exposure. The presence of d2EGFP did not affect Wst-1 reagent performance. The Wst-1 reagent also did not affect GFP expression measurements in knockdown assays.

*Hemolysis assay.* Fresh mouse red blood cells (Fitzgerald Industries, Acton, MA) were washed three times in PBSA. Fifty microliters of a 10% suspension of red blood cells were used per sample. The cells were then incubated for 1 hour at 37 °C with varying amounts of PFO or with 10% Triton-X 100 as a positive control for lysis. The cells were centrifuged for 4 minutes at 14,000*g*, and the supernatants were measured for hemoglobin release by absorbance at 541 nm.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1.** Dynamic light scattering analysis of E6N2/siRNA complexes. **Figure S2.** Measurement of E6N2 loading on Protein A beads. **Figure S3.** Specificity of siRNA uptake by Fc-dsRBD fusion proteins. **Figure S4.** Determination of the cytoplasmic delivery threshold required for GFP knockdown. **Figure S5.** Therapeutic window of alternate Fn3--PFO fusion proteins. **Figure S6.** Lack of GFP knockdown from untargeted *gfp* siRNA. **Figure S7.** Evaluation of siRNA uptake enhancement by multispecific constructs. **Figure S8.** Lack of GFP knockdown by control siRNA delivered by E6N2 in the presence of HNB-LCD. **Table S1.** EGFR binding affinity for dsRBD and PFO fusion constructs. **Supplementary Materials and Methods**.
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![**Schematic of protein constructs used in this work.** E6N2 is a homodimeric fusion protein containing the dsRBD from human protein kinase R, the mouse IgG2a Fc fragment, and the EGFR-binding Fn3 clone, E6. D-PFO is a fusion protein with EGFR-binding Fn3 clone D and the cholesterol-dependent cytolysin, PFO. HNB-LCD is a multispecific construct described by Spangler *et al.*^[@bib16]^ and contains EGFR-binding Fn3 clones B and D on the N terminus of the heavy chain and the C terminus of the light chain of cetuximab, respectively. All proteins are drawn with the N-terminus on top and the C-terminus on the bottom. dsRBD, double-stranded RNA-binding domain; PFO, perfringolysin O.](mtna201414f1){#fig1}

![**Characterization of E6N2 for short-interfering RNA (siRNA) internalization.**The interaction between E6N2 and siRNA was evaluated (**a**) qualitatively by an agarose gel shift assay and (**b**) quantitatively using titrations of siRNA-Alexa 488 on E6N2-coated Protein A beads in complete media with 10% fetal bovine serum at 37 °C at varying pH conditions. The *K*~D~ values were measured to be 3.5 ± 0.2 nmol/l at pH 7.4, 11.4 ± 0.9 nmol/l at pH 6.5, and 925 ± 88 nmol/l at pH 5.5, with 68% confidence intervals reported. (**c**) siRNA uptake by A431 cells is measured for E6N2/siRNA-Alexa 488 complexed at a 1:1 molar ratio, or free siRNA-Alexa 488 in the absence of E6N2, at a final siRNA concentration of 100 nmol/l (data shown as mean ± SD, *n* = 6). (**d**) When *gfp* siRNA (siGFP) or control siRNA (siCtrl) is delivered in 1:1 complexes with E6N2, or in the absence of E6N2, to A431-d2EGFP cells, no GFP knockdown is observed (data shown as mean ± SD, *n* = 6). (**e**) Fluorescence microscopy images were taken of A431 cells treated for 6 hours with E6N2 complexed with Alexa 488 labeled siRNA. The cells are additionally stained with the nuclear marker 4′,6-diamidino-2-phenylindole (DAPI) and the late endosomal and lysosomal marker LysoTracker Red. There is a high level of colocalization of siRNA and LysoTracker Red, with a Pearson correlation coefficient of 0.81. Scale bar represents 15 µm.](mtna201414f2){#fig2}

![**Characterization of D-PFO fusion protein for endosomal escape.** (**a**) GFP knockdown assays were performed in A431-d2EGFP cells, along with cell viability measurements to obtain a therapeutic window. E6N2 was used to deliver 100 nmol/l of either *gfp* siRNA (siGFP) or control siRNA (siCtrl) to A431-d2EGFP cells with varying amounts of D-PFO. The therapeutic window of D-PFO is shown with cell viability overlaid with GFP expression (data shown as mean ± SD, *n* = 9). Viability is normalized to a value of 1 for untreated cells and 0 for wells without cells. GFP expression is normalized to a value of 1 for untreated A431-d2EGFP cells and 0 for A431 cells. (**b**) The membrane disruptive activity of PFO is measured in a mouse red blood cell hemolysis assay. Hemolysis is normalized to 1 for 10% Triton-X 100--treated cells and 0 for untreated cells (data shown as mean ± SD, *n* = 3). siRNA, short-interfering RNA.](mtna201414f3){#fig3}

![**Characterization of HNB-LCD for the expansion of the short-interfering RNA (siRNA) delivery therapeutic window.** (**a**) Varying amounts of HNB-LCD were added to A431 cells treated with 100 nmol/l E6N2/siRNA-Alexa 488 complexes for 6 hours. siRNA uptake was normalized to uptake by E6N2/siRNA-Alexa 488 in the absence of HNB-LCD (data shown as mean ± SD, *n* = 6). (**b**) The therapeutic window for D-PFO was determined for A431-d2EGFP cells in the presence of 7.5 nmol/l HNB-LCD and 100 nmol/l E6N2/siRNA complexes (data shown as mean ± SD, *n* = 9). (**c**) The potency of E6N2/siGFP is measured in a GFP knockdown assay in the presence of 100 pmol/l D-PFO and 7.5 nmol/l HNB-LCD (data shown as mean ± SD, *n* = 9). Cell viability and GFP expression are normalized as in **[Figure 3](#fig3){ref-type="fig"}**.](mtna201414f4){#fig4}
